Abstract: We present stellar yields calculated from detailed models of low and intermediate-mass asymptotic giant branch (AGB) stars. We evolve models with a range of mass from 1 to 6M⊙, and initial metallicities from solar to 1/200 th of the solar metallicity. Each model was evolved from the zero age main sequence to near the end of the thermally-pulsing AGB (TP-AGB) phase, and through all intermediate phases including the core He-flash for stars initially less massive than 2.5M⊙. For each mass and metallicity, we provide tables containing structural details of the stellar models during the TP-AGB phase, and tables of the stellar yields for 74 species from hydrogen through to sulphur, and for a small number of iron-group nuclei. All tables are available for download. Our results have many applications including use in population synthesis studies and the chemical evolution of galaxies and stellar systems, and for comparison to the composition of AGB and post-AGB stars and planetary nebulae.
Introduction
Stars with initial masses in the range ∼ 0.8 to 8M⊙, depending on the initial metallicity Z, will pass through the thermally-pulsing asymptotic giant branch (TP-AGB) phase before ending their lives as white dwarfs. The structure and evolution of low and intermediate mass stars prior to and during the AGB has been previously discussed in some detail (see Busso et al. 1999; Herwig 2005 , and references therein). An AGB star is characterized by two nuclear burning shells, one burning helium (He) above a degenerate carbon-oxygen core and another burning hydrogen (H), below a deep convective envelope. In-between lies the intershell region composed mostly of 4 He. The helium-burning shell is thermally unstable and flashes or pulses every 10 4 years or so. After the occurrence of a thermal pulse (TP), mixing episodes may occur that bring the products of nuclear burning from deep inside the star to the stellar surface. These mixing events, or third dredge-up (TDU) episodes, bring the products of partial He-burning (mostly 4 He and 12 C) into the envelope. The TDU is the mechanism for turning (single) stars into carbon stars, where the C/O ratio exceeds unity in the surface layers. Following dredge-up the H-shell is re-ignited and the star enters a phase of quiescent H-burning known as the interpulse phase. The TP-AGB is defined as the phase from the first TP to the time when the star ejects its outer envelope, terminating the AGB phase.
In the most massive AGB models (M 4M⊙, depending on the metallicity) hot bottom burning (HBB) can occur when the base of the convective envelope dips into the top of the H-shell resulting in a thin layer hot enough to sustain proton-capture nucleosynthesis. The convective turn-over time in the envelope is ∼ 1 year that ensures that the whole envelope is exposed to the hot region a few thousand times per interpulse period. There is observational evidence that HBB occurs in massive AGB stars (Wood et al. 1983; Smith & Lambert 1989; McSaveney et al. 2007) in the Large and Small Magellanic Clouds (LMC and SMC) . HBB converts 12 C into 14 N and if the TDU is operating, HBB will prevent the atmosphere from becoming carbon rich (Boothroyd, Sackmann, & Ahern 1993) . The copious amounts of 14 N produced in this case will be primary 1 owing to the primary 12 C being dredged from the He-shell. Frost et al. (1998) found intermediate-mass AGB evolution to be sensitive to the initial composition and the mass-loss law used in the calculation, with models becoming C-rich near the tip of the AGB if TDU continues after HBB has been shut off. The occurrence and duration of HBB depends upon the initial metallicity, mass loss and convection (Ventura & D'Antona 2005a) where the minimum mass for HBB is pushed to lower mass in lower metallicity models (Frost et al. 1998) .
Owing to fact that calculating a TP-AGB model is a computationally intensive task, synthetic AGB models, which use fitting formulae to model the evolution quickly, have proved to be a successful approach to population syntheses studies that require large stellar populations. Historically this approach was validated by the fact that the stellar luminosity on the AGB is nearly a linear function of the H-exhausted core mass (e.g. Paczynski 1975; Renzini & Voli 1981; Groenewegen & de Jong 1993) although we know now that this relation breaks down for stars undergoing HBB (Bloecker & Schoenberner 1991; Lattanzio 1992) . Synthetic AGB models have successfully been used to model AGB populations (Groenewegen & de Jong 1993; Marigo et al. 1996) and compute stellar yields (van den Hoek & Groenewegen 1997; Marigo 2001; Izzard et al. 2004 ). Many of the parameterizations used in synthetic evolution studies are derived from detailed stellar models, such as the growth of the H-exhausted core with time, and as such are only accurate over the range in mass and metallicity of the stellar models they are based upon. An example is provided by van den Hoek & Groenewegen (1997) who compute AGB yields for initial masses between 0.9 and 8M⊙ whereas the Boothroyd & Sackmann (1988) interpulse-period-core mass relation they use was only derived for stars with initial masses between 1 and 3M⊙. What affect this has on the yields is unclear since this relation will affect the number of TPs during the TP-AGB phase and hence the level of chemical enrichment. Dredge-up and HBB affect these relationships but owing to our lack of understanding about these phenomena, there are still considerable uncertainties that affect the detailed computations. Recent improvements in computer power mean that grids of detailed AGB models can now be produced in a reasonable time (Ventura et al. 2002; Karakas et al. 2002; Herwig 2004b ) although producing yields from N 20 AGB stars for any given metallicity range is still challenging. For this reason synthetic models are still preferred for some applications.
In an effort to try and quantify the contribution of AGB stars to the production of elements in the Galaxy we have calculated grids of detailed AGB models covering a substantial range in initial mass and metallicity. The aim of this paper is to provide the results of these grids in a format suitable for many applications. We first present the AGB stellar structure in a format useful for comparison to other detailed models, or for use in synthetic AGB algorithms. Second, we provide the stellar yields. These could be useful for different applications including chemical evolution studies, for comparison to the composition of planetary nebulae (PNe) and pre-solar grains. The data are provided in a tabulated format available for download via the internet, where the appropriate reference for these tables is this paper.
These models were previously discussed in detail in and in a number of other studies that help to highlight the importance of these models for both detailed and synthetic AGB calculations. These studies include Karakas et al. (2002) , , Izzard et al. (2004) , Lugaro et al. (2004) , Karakas et al. (2006b) , Lugaro et al. (2007) , Izzard et al. (2007) and Karakas et al. (2007) . These later studies used the structure models presented here and changed the reaction rates and/or initial abundances to study particular problems e.g. the effect of reaction rate uncertainties on the production of 19 F in AGB stars (Lugaro et al. 2004 ). We begin with a brief description of the numerical method.
The Numerical Method
The numerical method we use has been previously described in detail (e.g. Lugaro et al. 2004; Karakas et al. 2006b ). Here we summarize the main points relevant for this study. We compute the structure first and then perform detailed nucleosynthesis calculations.
The Stellar Structure models
The stellar structure models were calculated with the Monash version of the Mount Stromlo Stellar Structure Program; see and references therein for details. Mass loss on the first giant branch is included using the Reimer's mass-loss prescription (Reimers 1975, hereafter R75) with the parameter η = 0.4; on the AGB we use the formulation given by Vassiliadis & Wood (1993, hereafter VW93) in all models unless indicated otherwise. We calculate two models (5M⊙, Z = 0.02 and Z = 0.0001) using Reimer's mass loss on the AGB with the parameter η = 3.5. We used the solar abundances of Anders & Grevesse (1989) for the Z = 0.02 models. For the Z = 0.008 and 0.004 models we used C, N, and O abundances from Russell & Dopita (1992) that are appropriate for stars in the Large and Small Magellanic Clouds where many AGB studies are performed. We assumed scaled-solar abundances for the Z = 0.0001 models.
All models were calculated from the zero-age main sequence to near the end of the TP-AGB phase. For models with initial masses below 2.5M⊙ we also evolve the models through the core He-flash. While this is an approximation to the true 3D nature of the core flash , it at least allows us to model the entire evolution of the star self-consistently without resorting to using zero-age horizontal branch models or other techniques to get around this event (see for e.g. Stancliffe et al. 2004) .
The occurrence of the TDU and HBB depend critically upon the convection model used Mowlavi 1999; Ventura & D'Antona 2005a) and the method for determining convective borders. We use the standard mixing-length theory (MLT) for convective regions with a mixing-length parameter α = l/HP = 1.75, and determine the border by applying the Schwarzschild criterion. Hence we do not include convective overshoot, in the usual sense. Instead we search for a neutral border to the convective zone in the manner described by Lattanzio (1986) . This method has been shown to increase the efficiency of the TDU compared to models that strictly use the Schwarzschild criterion ).
We will not provide a detailed discussion of the uncertainties that affect our models but we refer the interested reader to , Busso et al. (1999) , Goriely & Mowlavi (2000) , Ventura & D'Antona (2005a,b) and Herwig (2005) noting that this is a non-exhaustive list of publications dedicated to discussing uncertainties in the modelling of AGB stars.
Post-processing Nucleosynthesis models
We performed detailed nucleosynthesis calculations using a post-processing code that includes 74 species and time-dependent diffusive mixing in all convective zones (Cannon 1993) . The details of the nucleosynthesis network are outlined in Lugaro et al. (2004) but we remind the reader that we include 59 light nuclei and 14 iron-group species. We also add the fictional particle g to count the number of neutron captures occurring beyond 62 Ni Lugaro et al. 2004) .
The bulk of the 506 reaction rates are from the REACLIB data tables (Thielemann et al. 1986 ), based on the 1991 updated version. Some of the proton, α and neutron capture reaction rates have been updated according to the latest experimental results, see Lugaro et al. (2004) for details.
The Stellar Models
The mass grid used for each metallicity is shown in Table 1 where we note if the model experienced the core He-flash, TDU and/or HBB. For each model AGB star we present structural information in tabulated form and these tables are available for download from the website http://www.mso.anu.edu.au/~akarakas/model data/. Samples are given in Tables 2 and 3 . Data is provided as a function of the TP number as a proxy for time. Each table contains the pulse number, and for that pulse we include the core mass Mcore, the maximum extent of the pulse-driven convection region M csh , the maximum duration of the convective pocket t csh , the amount of matter dredged into the envelope ∆M dredge , the parameters λ and λ dup (see below), and the maximum temperature in the He-shell T Heshell (measured from the middle of the He-shell which is hotter than the bottom). We include the maximum temperature at the base of the convective envelope T bce , and the maximum temperature in the H-shell T Hshell ; these were computed over the previous interpulse period. We then include the interpulse period, the total mass (measured at the current TP) Mtot, the maximum radiated luminosity during the previous interpulse period Max L, and the maximum He-luminosity during the current TP Max LHe. All units are in solar units with the exception of temperatures, that are in kelvin, and all times which are in years.
The TDU efficiency parameter, λ, is usually defined according to λ = ∆M dredge /∆M h , where ∆M h is the amount by which the core mass has grown between the present and previous TPs. In our tables we provide λ along with the parameter λ dup , defined by Goriely & Mowlavi (2000) to be ∆M dredge /M csh . This quantity is useful for comparison to the results of Goriely & Mowlavi (2000) and also because it provides a measure of the amount of pulse-driven convective mass mixed into the outer envelope. In the study by Goriely & Mowlavi (2000) they assumed a constant value of λ dup = 0.1 whereas we observe this parameter to increased as a function of TP number in models that experience the TDU.
We had originally aimed to evolve each model ∆ log T eff ∼ 0.3 off the AGB track, to the point where the entire outer envelope of the model had been lost. Owing to convergence difficulties near the tip of the AGB this was only achieved in one case: the 1M⊙, Z = 0.02 model where mass loss removed the entire outer envelope, leaving the model with a final remnant mass of 0.573M⊙ and on the white-dwarf cooling track with a final log T eff = 4.118. The low-mass models (M < 2M⊙) lost most of their outer envelopes, even if they did not leave the AGB track completely according to the definition above. For most of these models the remaining envelope mass was small, much less than 0.1M⊙ and we would not expect further TPs on the AGB. For the more massive models the remaining envelope mass was large enough that further TPs would probably occur if we could evolve the models further along the AGB track. In all cases however the luminosity-driven superwind phase had started and the envelope mass was being reduced at a rapid rate, at a few × 10 −5 M⊙ year −1 . HBB had ceased to operate in all models; this occurred once the envelope mass was reduced below about ∼ 1.5M⊙. In §4 we discuss how we estimated the number of remaining TPs and the contribution of these pulses to the chemical enrichment of the model star.
The convergence difficulties mostly occurred during the start of the final TDU phase, after the TP has peaked in He-luminosity. The reasons for the convergence problems are unclear but they are not associated with small values of the gas pressure to total pressure, β, since previous dredge-up episodes occur without problem for similar values of β. The convergence problems are sometimes associated with a rapid drop in the temperature at the base of the convective envelope and an increase in the stellar radius. Higher metallicity models, at a given initial mass, experience convergence difficulties earlier (i.e. at a larger envelope mass) than models of lower metallicity. This may indicate that the input physics, notably the opacities, are related to the problem. A thorough investigation into the cause of the convergence difficulties is required.
Two models require a special mention and these are the 6 and 7M⊙, Z = 0.0001 models. The 6M⊙ model was evolved through more than 100 TPs but by the time we ended the computation, little envelope mass had been removed, the superwind phase had not been reached and HBB was actively changing the composition of the outer envelope. For this model we estimate that another 100 could possibly occur when using the Vassiliadis & Wood (1993) mass-loss prescription. We do not attempt to estimate the contribution from the remaining TPs owing to the complication caused by active HBB; see Izzard et al. (2006) for the difficulties associated with this. The 7M⊙ model went through degenerate central carbon burning before ascending the TP-AGB phase. For this model we only computed 12 TPs before we ended the computation. We point out that it is unclear if this model would end its life as a massive ONe white dwarf or it would reach the Chandrasekhar limiting mass and explode as a low-mass Type II supernova. At the end of the computation, the final core mass was 1.126M⊙ and with inefficient TDU and a low mass-loss rate we suspect it would explode as a low-mass Type II supernova but further study is required to determine the final fate of this model.
In Tables 2 and 3 we present the results for the 3M⊙, Z = 0.02 model, to show an example of the tables available. Note that these data are given as one table for each mass and Z in the on-line version. For the case shown the TDU begins at the 10 th TP when the core mass reaches 0.62M⊙. Adding up the ∆M dredge for each pulse gives a total of 0.0787M⊙ core material that is added to the envelope over the course of the TP-AGB phase. This model does not experience HBB and that can be seen by inspection of Table 3 where the maximum temperature at the base of the convective envelope during the interpulse does not exceed 10 7 K. Other interesting comparisons can be made by considering the evolution of the interpulse period as a function of the core mass. From the data presented in Table 3 we observe an initial increase followed by slow decrease. We can compare to the core massinterpulse period relations given in Boothroyd & Sackmann (1988) or Wagenhuber & Groenewegen (1998) at the final core mass of the model, 0.68M⊙. The first relation gives a value of 3.47 ×10 4 years and the second 3.73 × 10 4 years. Both of these values are significantly smaller than the value that comes out of the detailed computation of 5.47 × 10 4 years. Hence synthetic AGB simulations using either of these relations would result in many more TPs during the TP-AGB than we predict and hence more TDU episodes and a greater level of chemical enrichment.
The Third Dredge-up and HBB
Owing mostly to the operation of TDU episodes AGB stars are important for enriching the composition of the interstellar medium (ISM). Observational evidence suggests that the TDU occurs in stars as low as ∼ 1.2M⊙ at solar metallicity and in the LMC (Frogel et al. 1990; Wallerstein & Knapp 1998) and at ∼ 1M⊙ in the SMC (Frogel et al. 1990 ). An examination of the tables presented above show that the minimum mass for the TDU at solar metallicity is 2.25M⊙, and 1.5M⊙ at the metallicities appropriate for the LMC (Z = 0.008) and SMC (Z = 0.004). In Karakas et al. (2002) we discussed in detail how these models do not predict enough TDU at small enough core masses to account for the observations. The recent analysis of infra-red data by Guandalini et al. (2006) suggests that the minimum mass of stars experiencing the TDU has previously been greatly under-estimated, owing to incorrect estimates of bolometric magnitudes. However if the study of Stancliffe et al. (2005) is anything to go on there is still a requirement for more efficient TDU in low-mass low-metallicity stars than we predict.
Massive AGB stars that experience HBB are one of the favoured sites of the abundance anomalies observed in galactic globular cluster stars (Yong et al. 2003; Gratton et al. 2004) , even if problems persist in comparisons between the model predictions and the observed abundance trends (Denissenkov & Herwig 2003; Fenner et al. 2004; Ventura & D'Antona 2005b; Karakas et al. 2006a) . Observations of stars experiencing HBB have mostly come from the LMC and SMC (Wood et al. 1983; Plez et al. 1993) , with some observations of stars in our Galaxy (Garcia-Hernandez et al. 2006 , 2007 . These observations indicate that most luminous AGB stars have an O-rich composition (where C/O < 1) with a low 12 C/ 13 C ratio, and that many are also rich in Li (Smith & Lambert 1990) , and in elements produced by the slow-neutron capture process. Observations by McSaveney et al. (2007) have shown that two bright O-rich AGB stars are rich in nitrogen and depleted in carbon. These observations are the first observational confirmation of the long-predicted production of primary nitrogen by the combination of TDU and HBB in intermediate-mass AGB stars.
The Stellar Yields
The stellar yields can be downloaded from the website: http://www.mso.anu.edu.au/~akarakas/stellar yields/. We present the stellar yields in two ways. The first method presents the yields and abundances in the wind integrated over the entire stellar lifetime and these are suitable for use in e.g. galactic chemical evolution studies. An example is given in Table 5 . Each of the tables contain the following: 1) the nuclear species i, 2) the atomic mass A(i), 3) the nett stellar yield, defined below, 4) the amount of species i in the wind lost from the star mass(i) lost (M⊙), 5) the amount of i that would initially have been present in the wind mass(i)0 (M⊙). The quantity mass(i)0 is simply the mass expelled during the stellar lifetime multiplied by the initial abundance. We next include 6) the average mass fraction of i in the wind X(i) , 7) the initial mass fraction X0(i) and 8) the production factor f defined by log[ X(i) /X0(i)]. Note that in Table 5 the production factor has simply been labelled f whereas the definition is provided in the header of the on-line tables. This last quantity f is useful for comparison to authors who present their results in a similar way (see Table 4 from Herwig 2004b) as well as for comparison to derived abundances from stars, where for e.g. an f ≈ 0.2 would indicate an increase of that species by 0.2 dex at the surface.
The definition of the yield that we use is given by the following expression
where Mi is the yield of species i (in solar masses), dM/dt is the current mass-loss rate, X(i) and X0(i) refer to the current and initial mass fraction of species i, and τ is the total lifetime of the stellar model. The yield can be negative, in the case where the element is destroyed, and positive if it is produced. We also present the total amount of i (in M⊙) expelled into the ISM, noting that this value is always positive. It was previously discussed that some of the models do not lose their entire outer envelopes during the TP-AGB evolution owing to convergence difficulties near the tip of the AGB. This may be important for the stellar yields because, depending on the amount of remaining envelope, these models may experience further TPs and TDU episodes. Even one more TDU episode could significantly alter the surface abundances at this stage because the envelope mass is small leading to less dilution. The affect on the stellar yields is probably smaller because this quantity is integrated over the entire stellar lifetime.
For each model we estimate the number of remaining TPs; this is shown in Table 4 along with the TDU efficiency parameter from the last computed TP, λ f . Models not included in this table have small enough envelope masses that we estimate that no further TPs would take place. For the models in Table 4 we present two sets of stellar yields, one with no contribution from these extra pulses; this is where we remove the envelope at its given composition and assume that λ = 0 during remaining pulses. The other set of yields were computed using a constant value of λ for the remaining TPs. This latter set are our "standard" set and we recommend these be used. The set with λ = 0 are useful for exploring model uncertainties.
From inspection of Table 4 an example of a model where remaining TPs might affect the yields is the 6M⊙, Z = 0.02 model where we estimate that 5 more TPs could occur. The magnitude of the change to the surface composition from these final TPs depends on one big unknown: The behaviour of λ with decreasing envelope mass. Detailed stellar models suggests that λ decreases with decreasing envelope mass (Straniero et al. 1997; Karakas et al. 2002 , and data presented here) but Stancliffe & Jeffery (2007) find results to the contrary and instead suggest that there is no reduction in λ, at least for the 1.5M⊙ models discussed in that paper.
In Table 5 we present a set of stellar yields for the 3M⊙, Z = 0.02 model. From Table 4 we estimate that one more TP would occur for this model and the yields presented here include this final TP. In Table 5 we only show results for the 39 nuclear species that had stellar yields with mean magnitudes greater than ∼ 10 −10 and hence neglect many short-lived unstable isotopes that are included in the nucleosynthesis network as well as in the tables that are available for download. Using this criterion we have included results for the important radio-nuclides 26 Al and 60 Fe, noting that we set the production factors to be zero for these models owing to an initial zero abundance. For the 3M⊙, Z = 0.02 model we estimate that the last TP will occur when the total stellar mass was ∼ 1.35M⊙ and the envelope ∼ 0.66M⊙. From inspection of Table 3 it is clear that this last TDU episode occurs at a much smaller envelope mass than all previous mixing episodes, where Menv 2M⊙. Consequently the change to the surface abundances was larger and this can be seen in Fig. 1 where we show the evolution of the C/O ratio at the surface. To see what effect this last TDU episode has on the stellar yields we compare the nett yield of 12 C. Without this final TDU episode the nett yield of 12 C is 1.354×10 −2 M⊙ whereas with that final mixing event the yield is 1.496×10 −2 M⊙, an increase of about 11%. On the other hand the change to the final surface abundance of 12 C is about 20%. Before we move on it is important to discuss the effect of the initial mass on the degree of chemical enrichment. It was mentioned above that the 6M⊙ Z = 0.02 model had an extra 5 TPs left, given the final envelope mass of 1.53M⊙ from the end of the detailed calculation. While it would seem obvious that a greater number of remaining TPs would lead to a larger enrichment of the envelope, we need to remember that the He-intershell is about a factor of 10 smaller in an intermediate-mass AGB star. For this reason the amount of matter dredged into the envelope at each TDU episode is smaller, regardless of the value of λ. This can be seem from inspection of the tables given in §3 where the maximum mass of the pulse-driven pocket (approximately equal to the mass of the intershell at the TP) is 0.016M⊙ for the 3M⊙, Z = 0.02 model whereas this value is reduced to 0.0033M⊙ in the 6M⊙, Z = 0.02 case. The mass of the envelope in the 6M⊙ model was also larger at each TDU episode resulting in more dilution of dredged-up material. For this massive AGB model, the final surface abundance of 12 C increased by about 26% as a consequence of the 5 extra TPs, only marginally more than the 20% increase from only one TP for the 3M⊙, Z = 0.02 case, as discussed above.
The stellar yields that we present here may be slightly different to those presented in because we have improved the synthetic AGB algorithm used to estimate the surface enrichment from the final TPs. The main improvement is taking intershell compositions for the last TP for all 74 species from the detailed stellar models. Previously we estimated the intershell compositions for about 15 species (e.g. 4 He, 12 C, 16 O, 22 Ne etc) and assumed the rest did not change. We also did not have intershell compositions for each mass and Z, so in some cases we assumed that compositions appropriate for e.g. the 3M⊙, Z = 0.004 model were appropriate for the 2.5 and 3.5M⊙ models of the same Z. We have also improved the input data required for the synthetic code, e.g. the final computed interpulse period and TDU efficiency. These improvements change the final remnant mass (at least slightly) and this also results in slight changes to the stellar yields.
Planetary nebulae
After the outer envelope has been ejected the stars evolve through the brief post-AGB and planetary nebula (PN) phases of the Hertzsprung -Russell diagram (van Winckel 2003) . The glowing gas of the nebula is the remnant of the outer convective envelope of the progenitor AGB star and hence its composition should reflect the nucleosynthesis that took place during the final few TPs on the TP-AGB.
Planetary nebulae are important because their compositions can be determined fairly accurately (at least for some species); because they are bright, abundances can be derived from PNe as far away as M31, and because the gas is ionized by UV photons we obtain information about elements normally very difficult to study, in particular the noble gases He, Ne, Ar, as well as C, N, O (Kaler 1978; Henry 1989; Dopita et al. 1997; Stanghellini et al. 2000) . Abundances of heavy elements synthesized by the s process including Ge, Se, Kr, Xe Br and Ba (Sterling et al. 2002; Sterling & Dinerstein 2007; Sharpee et al. 2007 ) are also observed to be enhanced in some nebulae. Owing to the importance of PNe abundances we have included stellar yields for PNe in particular. These yields are the abundance by number in the matter lost from the star from the final two TPs and as such are good for comparison to the composition of the nebular gas for PNe in the Galaxy, LMC and SMC. We have included PN yields for the low-metallicity Z = 0.0001 models but few (if any) PN around today are expected to have evolved from such a low-metallicity population of stars. PNe in the Milky Way Galaxy are predominantly found in the disk with oxygen abundances 2 in the range 7.73 log ǫ( O ) 9.09 (Stanghellini et al. 2006) compared to the solar value of 8.66 (Asplund et al. 2005) . Only a few PN have been found in the halo and there are only a handful (N ∼ 12) known that are defined to be metal-poor, with oxygen abundances less than a factor of 4 below solar (Dinerstein et al. 2003) .
In Table 6 we show an example of the yields available for a PN originating from a 3M⊙ progenitor of solar composition. As for the yields presented previously we compute two sets for models with synthetic TPs and for this case we show the PN set with the final synthetic TP included. The first entry in each on-line table is the amount of matter expelled during the last two TPs, here we include this value in the table caption. The columns contain the species i, the atomic weight A(i), followed by the nett yield, the mass lost, the initial mass fraction, and the average mass fraction integrated over the final two TPs. The next quantity is the abundance (by number) of the matter lost in the wind over the final two TPs, compared to the number of hydrogen atoms, Ni/NH. This quantity is often used in the literature in the form log ǫ = log(Ni/NH) + 12.
Comparing results for 12 C from Table 6 to Table 5 we see that the nett yield is lower in the PN table by ∼ 27%, this is consequence of less matter being lost in the final two pulses than over the whole lifetime, even though the average 12 C abundance is higher by ∼ 8%. Remember that our definition of a stellar yield defined in Equation 1 essentially subtracts the amount of i in the wind lost from the star (i.e. ≈ M total lost × X(i) ), by the amount of i that would have been initially present in that wind (i.e. M total lost × X0(i)). Note that the 3M⊙, Z = 0.02 model lost 1.508M⊙ over the last two TPs compared to 3.0 − M f = 2.318M⊙ over the entire lifetime (see Table 4 for the final mass).
That the yield difference was not larger is a consequence of the VW93 mass-loss prescription. This prescription ensures that the mass-loss rate is low until the superwind begins at which stage most of the envelope is lost in a few TPs. For the 5M⊙, Z = 0.02 model we computed an evolutionary sequence with the R75 mass-loss law with η = 3.5. For this model the nett PN yield of 12 C is 3.42 times lower than the total yield, compared to 1.68 times lower for the VW93 case. The total amount of matter expelled is 0.75M⊙ and 0.58M⊙, for the VW93 and R75 cases, respectively. Note that the average 12 C abundance in the wind expelled over the last two TPs increased in both models, where the R75 model saw a 66% increase compared to 63% for the VW93 case.
Limitations of the current models
We discussed in the previous section that we did not include a partial mixing zone at the deepest extent of each TDU episode to produce a 13 C pocket. This can be considered a limitation since the neutrons produced by the 13 C(α, n)
16 O reaction can affect the composition of the He-shell. However the light elements (hydrogen through to phosphorous) are generally not significantly altered by neutron captures, at least at solar metallicity. There are exceptions to this, including the nucleosynthesis of 19 F that requires the operation of the 13 C neutron source in low-mass AGB stars of ∼ 3M⊙ (Jorissen et al. 1992; Lugaro et al. 2004) . Sodium, the magnesium and silicon isotopes, and 31 P are affected by neutron captures during the TP where neutrons are released by the 22 Ne source at higher neutron densities (∼ 10 10 cm −3 ), noting we include this in our computations. Neutron captures will impact more significantly on light-element nucleosynthesis in more massive or lower metallicity models, as pointed out by Herwig (2004a,b) .
One limitation of our models, at least in terms of their use for galactic chemical evolution studies, are the initial C, N and O abundances used for the Z = 0.008 and 0.004 models. These are not scaled solar but reflect the composition of the LMC and SMC, respectively. Our models are therefore very useful for comparing to the composition of AGB stars and PN in the Large and Small Magellanic Clouds, which was their intended use, but one must be careful when using the C, N and O yields for comparison to populations that have a similar [Fe/H] content of the Clouds but a different chemical history. We have started to compute yields assuming a scaled-solar composition for those metallicities and these will be available in a future publication.
Another limitation is that our lowest metallicity models are Z = 10 −4 whereas there are many new discoveries of low-mass halo stars with [Fe/H] −3 (Beers & Christlieb 2005) , some of which could have been polluted by a former AGB companion. We do not intend to compute AGB models with such low metallicities in the future but we refer the reader to Simon Campbell's models (Campbell 2007) . Besides that 7M⊙, Z = 0.0001 super-AGB star we do not compute models for any more of these objects. Yields for these stars should be available in the future (Doherty, Lattanzio & Siess, in preparation) , noting that models of these stars are proving to be even more challenging than for CO-core AGB models (Siess 2006 ). We do not include the effect of extra-mixing processes into our computations, and by this we mean mixing events beyond those predicted to occur by standard models such as ours e.g. the first and second dredge-up, the TDU and HBB. Observations suggest that extra-mixing processes reduce the 12 C/ 13 C ratio in low-mass (m 2M⊙) red giants stars below that predicted by standard models (Charbonnel 1994) . Observations of AGB stars and presolar grain analysis indicate that a similar type of extra-mixing occurs in low-mass AGB stars (Boothroyd et al. 1995; Abia & Isern 1997; Busso et al. 1999; Nollett et al. 2003) . While the physical mechanism for the extramixing is unknown 3 it is commonly thought to be rotation (e.g. Palacios et al. 2006 ), although we also refer to the mixing recently discovered by and investigated further by Eggleton et al. (2007) and (Charbonnel & Zahn 2007) .
Comparison with other yields
In this section we provide a brief comparison of our yields to other authors. and Izzard et al. (2004) provided a detailed comparison of Izzard's synthetic yields to our detailed models (which his synthetic AGB algorithm is based upon), and to those from other synthetic AGB models (van den Hoek & Groenewegen 1997; Marigo 2001 ). We do not repeat that discussion here but instead we present diagrams in Figs. 2 to 11, and we discuss results for 12 C and 14 N. In Fig. 4 we show the stellar yields of 12 C, a nuclei representative of low-mass AGB evolution where the effects of TDU episodes are important. In Fig. 6 we show the yields of 14 N, a nuclei that tracks HBB nucleosynthesis. In each figure we show the results for three metallicities, Z = 0.02, 0.008 and 0.004 compared to yields from synthetic AGB models, see the figure captions for more details. In each figure we have weighted the yields by the three-component IMF of Kroupa et al. (1993) such that
where yi is the weighted yield and Mi is given by equation 1. From the Figs. 4 and 6 we see that our yields are almost the same as Izzard et al. (2004) owing to the fact that these synthetic models were tweaked to match our results. Our yields are similar in behaviour to those of Marigo (2001) , although because her models experience deeper TDU at a lower core mass, the yields of He-shell material e.g. 4 He, 12 C are higher. We notice significant differences with van den Hoek & Groenewegen (1997) 
especially in regards to
14 N. This is owing to their simplistic treatment of HBB nucleosynthesis which under-predicts the amount of CNO cycling compared to the other computations. Stancliffe & Jeffery (2007) provided a detailed comparison between yields from 1.5M⊙ models computed with the STARS code to our yields, with the summary that their models experience deeper TDU and hence go in a similar direction to Marigo's, that is larger yields of material that is dredged from the He-burning shell.
In Fig. 8 we show the (unweighted) yields of 15 N and 19 F as a function of the initial mass and metallicity. In this figure we include the Z = 10 −4 to show the effect of lower metallicity stellar evolution on the yields. The maximum 19 F yield is pushed to lower mass, owing to a higher He-burning shell and deeper TDU. The yields of 15 N are negative, indicating this isotope is destroyed, and scale with metallicity except in the intermediate-mass
−4 models, where we find that 15 N is produced. This is as a result of breakout from the 14 N(p, γ) 15 O reaction at the temperatures and densities of HBB in these lower metallicity models. The production of 15 N at lower metallicities may have important consequences for the evolution of 15 N in the interstellar medium, especially since AGB stars are not considered producers of this rare isotope.
We compare the Z = 10 −4 models to the AGB models of Herwig (2004b) of the same metallicity. This comparison is made easier by the fact that both sets of models assumed a scaled-solar composition. Different mass loss was assumed where we used VW93 mass loss and Herwig applied the Blöcker (1995) prescription with the parameter ηB = 0.1, that resulted in more rapid mass loss than we observed. This can be demonstrated by considering the 2M⊙, Z = 10 −4 model as an example. Our 2M⊙ calculation experienced 26 TPs compared to 7 for Herwig's model. Even though the maximum amount of matter dredged into the envelope at any one TP was almost the same (1.112×10
−2 compared with Herwig's 1.171×10 −2 M⊙), the total amount of material dredged into the envelope over the whole TP-AGB was much larger in our case (0.2183M⊙) compared to Herwig's model (5.038×10 −2 M⊙). For this reason our yields and average surface mass fractions are, in general, larger. The average abundance of 12 C in the wind of our model was ∼ 2 times larger, of 22 Ne 13 times larger and of 23 Na 40 times larger. However the average abundance of
16 O was about 8 times larger in Herwig's model. These differences can be attributed to 1) more TPs in our model, leading to more TDU episodes and hotter nucleosynthesis conditions in the He-shell, and 2) different intershell compositions caused by diffusive convective overshoot used in the Herwig model. Overshoot applied to the border at the base of the convective pocket during a TP mixes some CO core matter into the intershell, resulting in increased 12 C and 16 O abundances. These yields differences are similar for all masses in the range 2 -6M⊙, where the magnitude of the difference increases with increasing mass owing to the greater number of TPs experienced by our intermediate mass models (4, 5 and 6M⊙). 1 H as a function of the initial mass for the Z = 0.02 (top), the Z = 0.008 (middle) and the Z = 0.004 models (bottom). We show results from our calculations (black solid points), van den Hoek & Groenewegen (1997) (open magenta squares), Forestini & Charbonnel (1997) (solid green squares), Marigo (2001) (open red circles), Ventura et al. (2002) (solid aqua triangles) and Izzard et al. (2004) (blue crosses). Forestini & Charbonnel (1997) and Ventura et al. (2002) do not provide yields for Z = 0.008 and cover a narrower mass range, between 3 and 6M ⊙ . Al (lower panel) yields and for the Z = 0.02, the Z = 0.008 and Z = 0.004 models. The yields of Forestini & Charbonnel (1997) are also shown.
Conclusions
We present stellar structure data and yields from detailed AGB models with initial masses between 1 to 6M⊙, and with metallicities in the range from solar to 1/200 th of the solar metallicity. All models were evolved from the zero-age main sequence to near the tip of the AGB track, from there we used a synthetic AGB algorithm to estimate the contribution of any remaining TPs. All results are presented in tabulated form and are available for download. These data are useful for many applications including comparison to other detailed AGB models, for use in galactic chemical evolution studies and for comparison to the composition of AGB stars, planetary nebulae and other post-AGB objects, as well as pre-solar grains. Such a comparison may help shed light on the model uncertainties that affect the yields, such as the mass-loss rate or nuclear reaction rates. Future work will involve running scaled-solar models for the intermediate-metallicities (Z = 0.008, 0.004) and adding more nuclei in the post-processing nuclear network to enable us to provide yields for s-process elements. Future work should also look at some of the reasons for convergence problems in the stellar models near the tip of the AGB, and include more physics into the calculations such as extra-mixing in low-mass AGB stars. 5.763726E-01 2.237684E-02 3.339341E+02 0.000000E+00 0.000000E+00 0.000000E+00 2 5.782992E-01 2.551377E-02 2.015471E+02 0.000000E+00 0.000000E+00 0.000000E+00 3 5.811490E-01 2.586406E-02 2.061110E+02 0.000000E+00 0.000000E+00 0.000000E+00 4 5.850938E-01 2.622330E-02 1.793678E+02 0.000000E+00 0.000000E+00 0.000000E+00 5 5.898175E-01 2.566504E-02 1.954225E+02 0.000000E+00 0.000000E+00 0.000000E+00 Table 4 : Data used to estimate the number of remaining TPs. We include the final total and core mass after the final TP, as determined by the synthetic AGB program, the λ used for the final TDU episodes, the total number of TPs (including the synthetic TPs) and the number of synthetic TPs. The VW93 indicates the 5M ⊙ , Z = 0.02 model that was computed with Vassiliadis & Wood (1993) Table 6 : PN yields 3M ⊙ , Z = 0.02 model. The first entry is the total mass ejected during the final two TPs, 1.502 M ⊙ in this case.
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